Abstract. The SAM and SH3 domain containing 1 (SASH1) gene was originally identified as a potential tumor suppressor gene in breast cancer, mapped on chromosome 6q24.3. The expression of SASH1 plays a prognostic role in human colon cancer. Its expression is frequently downregulated in several human malignancies. However, the biological function of SASH1 in melanoma cells is yet to be determined. In this study, in order to investigate the tumor suppressive effects of the SASH1 gene, an A-375 stable melanoma cell line was established, overexpressing the SASH1 gene. The stable cell line was examined using proliferation assay, apoptosis assay, cell cycle analysis and real-time PCR. The results indicated that the tumor suppressive activity of SASH1 derived from G2/M arrest in A-375 cells, and that the phosphorylation of Cdc2 or the disruption of cyclin B-Cdc2 binding may be responsible for the G2/M arrest.
Introduction
Cancer is the second leading cause of mortality in the United States and some European countries, such as Finland and Scotland (1) (2) (3) . The knowledge of molecular genetic mechanisms underlying tumorigenesis has increased since the discovery of the TP53 tumor suppressor gene (4) (5) (6) (7) (8) (9) . Tumor suppressor genes normally help prevent unrestrained cellular growth and promote DNA repair and cell cycle checkpoint activation.
SAM and SH3 domain containing 1 (SASH1), a novel tumor suppressor gene mapped on chromosome 6q24.3, is possibly involved in the tumorigenesis of breast and other solid tumors. It is a member of the SH3 domain-containing expressed in lymphocytes (SLY1) gene family that encodes signal adaptor proteins composed of several protein-protein interaction domains. The other members of this family are expressed mainly in haematopoietic cells, whereas SASH1 has demonstrated an ubiquitous expression. It is downregulated in the majority (74%) of breast tumors in comparison with corresponding normal breast epithelial tissues. Moreover, the expression levels of SASH1 are strongly and significantly reduced in colon cancer of UICC stage II, III and IV, as well as in liver metastases. Additionally, Martini et al demonstrated that SASH1 plays a crucial role in tumor formation by regulating the adhesiveness and migratory behavior of cancer cells (10) . Furthermore, Chen et al indicated that in the A549 lung cancer cells of the pcDNA3.1-SASH1 transfected group, cell viability, proliferation and migration were significantly reduced compared to the control cells, while a cell cycle arrest was observed in G1 (11) . However, the specific mechanism by which SASH1 influences these biological behaviors is yet to be determined. Moreover, to date, no studies have been reported on the biological role of SASH1 in melanoma cells.
In order to examine the function of the SASH1 gene in melanoma, we transfected the SASH1 gene into the A-375 melanoma cells. Subsequently, we examined the changes in the relevant biological characteristics of the A-375 cell line and preliminarily analyzed the significance of the SASH1 gene in melanoma. We also investigated the correlation between SASH1 expression and the associated molecular changes in the cell cycle to provide further insight into the potential use of SASH1 for the targeted therapy of melanoma. The tumor suppressive effects of SASH1 occured due to the accumulation of cells at the G2/M stage of the cell cycle.
Materials and methods
Construction of recombinant plasmids. The wild-type fulllength DNA coding the human SASH1 gene was synthesized by Clontech Laboratory Incorporation and cloned into the pEGFP-C3 vector (Clontech, Palo Alto, CA, USA) to construct pEGFP-C3-SASH1, N-terminally tagged with green fluorescence protein (GFP). To examine the rate of apoptosis, cells from each group (dish, 6 cm in diameter) were gently resuspended in 195 µl of Annexin V-FITC binding buffer. Subsequently, 5 µl of Annexin V-FITC were added followed by gentle mixing. The cells were then incubated for 10 min at room temperature in the dark and subsequently centrifuged at 1,000 x g for 5 min. The supernatant was discarded, and 190 µl of Annexin V-FITC binding buffer was added to gently resuspend the cells. Finally, 10 µl of PI staining solution were added and gently mixed with the cells. The cells were then placed on ice and analyzed immediately by flow cytometry.
Cell cycle analysis. Cell cycle analysis was carried out by flow cytometry (FCM). Briefly, A-375 (SASH1), A-375 (EGFP) and A-375 cell lines were seeded in 10-cm dishes and each experiment was performed in 4 repeats. The experiments were carried out with the Genmed cell cycle analysis kit (Genmed Scientifics Inc.). Briefly, after 72 h, the cells were digested with trypsin after washing twice with PBS and fixed in ethanol for 16 h at 4˚C. The samples were concentrated by removing the ethanol and treated with Genmed staining solution for 45 min at 37˚C in the dark. Cell cycle distribution was determined using a flow cytometer (Beckman Coulter, Miami, FL, USA) and 10,000 cells were analyzed with Expo32 ADC Analysis software.
RNA extraction. RNA was extracted using the Aqua-Spin RNA Isolation Mini kit (Watson Biotechnologies, Shanghai, China). The concentration and quality of the isolated DNA and RNA were measured with a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Montchanin, DE, USA).
Real-time PCR. First-strand cDNA was synthesized using PrimeScript RT reagent kit according to the manufacturer's instructions (Takara, Ostu, Shiga, Japan). The CCNB1 (cyclin B), CDK1 (Cdc2), TP53 (p53) and WEE1 genes were co-amplified with a fragment of the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene, which served as the internal standard. Q-PCR was conducted by the SYBR Premix Ex Taq kit (Takara, Ostu, Shiga, Japan) on the ABI 7900HT Fast Real-Time PCR System (Life Technologies, Carlsbad, CA, USA). The primer pairs are shown in Table I and the cycling conditions of 40 cycles of PCR were as follows: 95˚C/5 sec, 55˚C/30 sec and 72˚C/30 sec. Each sample was run in 4 repeats and all the PCR data were analyzed with the ABI 7900HT system software 2.3 version.
Statistical analysis. Real-time PCR results were compared using one-way ANOVA analysis among 3 groups. All p-values were two-sided, and p<0.05 was considered to indicate a statistically significant difference. SPSS software version 15.0 (SPSS Inc., Chicago, IL, USA) was used for all statistical analyses.
Results

Generation of SASH1-overexpressing cells.
To clarify SASH1 function, a fusion GFP vector encoding SASH1 was introduced into A-375 cells. GFP was detected by fluorescence microscopy (Fig. 1A) . GFP was diffusely located in the nucleus and cytoplasm in the A-375 (EGFP) and A-375 (SASH1) cells. The stable cell line [A-375 (SASH1)] was further confirmed by western blot analysis. As shown in Fig. 1B , the film blotted by SASH1 antibody reveals the SASH1 fusion protein, 2 bands displayed near the size of 170 kDa in the A-375 (SASH1) cells, of which, one was the fusion protein, while the other original protein. Furthermore, the film blotted by GFP antibody, at the size of 170 kDa displayed a band. All these data proved that the stable cell lines A-375 (SASH1) and A-375 (EGFP) were successfully established.
Effects of SASH1 gene on G2/M phase cell cycle arrest in A-375 cells.
Cell proliferation assay showed that A-375 (SASH1) cell viability was the lowest among the 3 groups of cells. A-375 (EGFP) cell viability was not significantly diminished compared with the A-375 cells. Statistical analysis indicated that there was a significant difference (p<0.001) between the A-375 (SASH1), A-375 (EGFP) and A-375 cells (Fig. 2) . These results suggest that the gene SASH1 inhibits cell proliferation.
To assess whether cell apoptosis is also involved in the inhibition of cell proliferation, DAPI staining experiment was conducted. As shown in Fig. 3 , a slight nuclear fragmentation or chromatin condensation was observed in the A-375 (SASH1), A-375 (EGFP) and A-375 cells. At the same time, Annexin V-FITC and PI staining assay also demonstrated that there was no statistically significant difference in the apop-totic rate between any 2 groups of the A-375 (SASH1), A-375 (EGFP) and A-375 cells. Based on these data, it is evident that cell apoptosis did not participate in the inhibition of cell proliferation.
In order to reveal the underlying mechanism behind the inhibition of cell proliferation, cell cycle assay was performed.
Flow cytometric analysis showed that the number of A-375 (SASH1) cells was significantly increased in the G2/M and S fractions accompanied by an evident decrease in the number of cells in G0/G1 compared to the A-375 (EGFP) and A-375 cells. However, when comparing the A-375 (EGFP) with the A-375 cells, no statistically significant difference was observed in cell numbers at the G0/G1, S or G2/M phase (Fig. 4) .
In order to determine the mechanism behind the G2/M phase cell cycle arrest, the mRNA expression of the CCNB1, CDK1, TP53 and WEE1 genes was quantified in the A-375 (SASH1), A-375 (EGFP) and A-375 cells by real-time RT-PCR. In the A-375 (SASH1) cells, the expression of CCNB1 and CDK1 was significantly increased (p<0.001) as opposed to the A-375 (EGFP) and A-375 cells, whereas the expression of CCNB1 and CDK1 in the A-375 (EGFP) cells was evidently (p<0.001) decreased compared to the A-375 cells (Fig. 5) . In particular, compared to the A-375 (SASH1) cells, the expression of CCNB1 and CDK1 in the A-375 (EGFP) cells was decreased by 4-and 2.5-fold, respectively. As for the TP53 gene, its expression in the A-375 (SASH1) and A-375 (EGFP) cells was dramatically lower compared to the A-375 cells (p<0.001), although no statistically significant difference was observed between the A-375 (SASH1) and A-375 (EGFP) cells. As for the WEE1 gene (Fig. 5) , no statistically significant difference was observed when comparing any any 2 of the 3 groups. 
Discussion
The expression of SASH1, a potential tumor suppressor gene, is either decreased or lost in many types of cancer (12, 13) . Based on the characteristics of the domains within the SASH1 protein, SASH1 may play an important role in intracellular signaling and transcriptional regulation. Rimkus et al demonstrated that SASH1 plays a crucial role in tumorigenesis, development, invasion and metastasis. The decrease in SASH1 expression correlates with the formation of metachronous distant metastases (13) . In another study, Martini et al also demonstrated that SASH1 interacts with the actin cytoskeleton and stimulates cell-matrix adhesion (10) . Clinical research has also documented that the SASH1 mRNA expression level is significantly reduced in 70% of breast cancer samples (12) . Moreover, the SASH1 mRNA expression level is also significantly reduced in primary lung cancer and thyroid cancer, while the size of the decrease correlates with the prognosis and tumor size (13). Chen et al proved that SASH1 inhibits cell proliferation and enhances cell apoptosis in the A549 lung cancer cell line (11) . All these data suggest that SASH1 plays a crucial role in tumorigenesis, growth and evolution. However, there are few studies available on the role of SASH1 in the tumorigenesis and development of melanoma. Therefore, we used in vitro studies to investigate the role of the SASH1 gene in A-375 melanoma cells.
An A-375 stable melanoma cell line was established, overexpressing the SASH1 gene and cell proliferation assay indicated that the viability of the A-375 (SASH1) cells was significantly decreased (p<0.05) compared to that of the A-375 (EGFP) and A-375 cells. These results suggest that SASH1 inhibits cell proliferation. In order to clarify the underlying mechanism behind the inhibition of cell proliferation, Annexin V-FITC and PI staining, as well as DAPI staining were performed to assess cell apoptosis. The results demonstrated that cell apoptosis did not account for the inhibition of cell proliferation. Subsequent to the cell cycle analysis conducted, the results proved that the SASH1 gene decreased the percentage of cells in the G1 phase and arrested cells at the G2/M checkpoint, inducing a significant accumulation of cells in the S phase. These results suggest that the inhibition of proliferation by SASH1 occurs by G2/M arrest in the A-375 cells.
The pivotal regulatory step for G2/M transition in eucaryotes is the activation of the cell division cycle Cdc2/ cyclin B complex (14, 15) . Cdc2/cyclin B is maintained in an inactive form during the S and G2 phases by the inhibitory phosphorylation of the Cdc2 residues, threonine 14 (Thr14) and tyrosine 15 (Tyr15) (16) . The inhibitory phosphorylation of Cdc2 is modulated by the WEE1 family protein kinases (human WEE1 and Myt1). The dephosphorylation of the Thr14 and Tyr15 residues of Cdc2 by Cdc25B (in the cytoplasm) and Cdc25C (in the nucleus) in the late G2 phase activates the cyclin B/Cdc2 complex, and the accumulated, active Cdc2/ cyclin B1 then triggers the initiation of mitosis (17) . The cyclin B-Cdc2 kinase is the master regulator of cell cycle progression. The anomalous regulation of this complex or enhanced expression of cyclin B has been demonstrated to be associated with several cellular malfunctions, including G2/M arrest and apoptosis (18, 19) .
On the basis of G2/M transition, the possible genes related to G2/M transition were analyzed by real time PCR. Our results demonstrated that the mRNA expression of cyclin B (CCNB1) and Cdc2 (CDK1) increased by 4-and 2.5-fold, respectively in the A-375 (SASH1) cells compared with the A-375 (EGFP) cells. The G2/M arrest mostly resulted from the inhibition of the expression of cyclin B or Cdc2 (20, 21) . However, our findings suggested that SASH1 enhanced G2/M arrest via the upregulation of cyclin B and Cdc2. The cyclin B-Cdc2 kinase is usually kept in an inactive state by the inhibitory phosphorylation of the Cdc2 residues, Thr14 and Tyr15, until the G2/M transition (17, 22) . Thus, we hypothesized that the phosphorylation of Cdc2 may be responsible for the G2/M arrest. The inhibitory phosphorylation of Cdc2 is modulated by the WEE1 family protein kinases (human WEE1 and Myt1). The WEE1 gene product is a tyrosine-specific protein kinase, located in the nucleus and phosphorylates Cdc2 exclusively at Tyr15 (23) . Nevertheless, there was no difference in the expression of the WEE1 gene in any 2 of the 3 cell lines in the present study. Therefore, we hypothesized that the crucial role in the phosphorylation of Cdc2 may be played by Myt1. Myt1, as a homologue of the product of the mik1 gene, is a dual-specificity protein kinase that phosphorylates Cdc2 at both Thr14 and Tyr15 residues (16) . Apart from the inhibitory phosphorylation of Cdc2, Myt1 seems to influence the normal shuttling of the Cdc2/cyclin B complex into the nucleus (17) . On these grounds, we hypothesized that the phosphorylation of Cdc2 by Myt1 suppressed its catalytic activity or stopped the shuttling of the Cdc2/cyclin B complex into the nucleus, which led to G2/M arrest in the A-375 (SASH1) cells. At the same time, the overexpression of cyclin B also contributed to Cdc2 phosphorylation (18) . Nevertheless, additional investigations are required in order to delineate the influences of SASH1 on Myt1, including promoting its expression or inhibiting its degradation. Cdc25 family members, which are dual-specificity phosphatases, have been identified as positive regulators of Cdc2. To make Cdc2 kinase active and facilitate the entry of cells from G2 to mitosis, Thr14 and Tyr15 (the 2 residues of Cdc2) are dephosphorylated by active Cdc25C phosphatase (18) . Consequently, the inactivation or alterations in Cdc25C phosphatase activity may be another reason for cell cycle arrest in the G2/M phase in the A-375 (SASH1) cells. Activated Chk1 has been reported to lead to the inhibitory phosphorylation of Cdc25C on Ser-216, and subsequently to the inactivation of Cdc25 (24) .
Apart from the phosphorylation of Cdc2, the inhibition of cyclin B-Cdc2 binding may also stop cell entry from G2 to mitosis (25) . In the present study, cyclin B and Cdc2 were both overexpressed in the A-375 (SASH1) cells. In view of the above, we assumed that the SASH1 gene possibly blocked cyclin B1-Cdc2 binding, either directly or indirectly, leading to G2/M arrest. Although p53 can affect cyclin B1/Cdc2 activity, resulting in G2/M arrest (26) (27) (28) , no statistically significant difference was observed in the TP53 mRNA level between the A-375 (SASH1) and A-375 (EGFP) cells. Therefore, it did not account for the G2/M arrest. In the present study, we demon- Figure 5 . mRNA expression levels of CCNB1, CDK1, TP53 and WEE1 were examined using quantitative real-time PCR. The results were expressed as the ratio of copies of the target gene relevant to GAPDH from 4 independent experiments. Data were expressed as the means ± SD. * p<0.001.
strate the tumor suppressive effects of SASH1 by G2/M arrest in A-375 cells. However, additional investigations are required in order to clarify the exact mechanism involved.
In conclusion, the present study indicates that the tumor inhibitory effects of SASH1 occur by G2/M arrest in A-375 cells (Fig. 4) . Although the exact mechanism involved remains unclear, our results show that p53 and WEE1 are not involved in the G2/M arrest and demonstrate that G2/M arrest correlates with Cdc2 phosphorylation or the inhibition of cyclin B-Cdc2 binding.
